Gait development in African elephant calves by Knepper, Brandon Austin-Elizondo
Butler University 
Digital Commons @ Butler University 
Undergraduate Honors Thesis Collection Undergraduate Scholarship 
2018 
Gait development in African elephant calves 
Brandon Austin-Elizondo Knepper 
Butler University 
Follow this and additional works at: https://digitalcommons.butler.edu/ugtheses 
 Part of the Psychology Commons 
Recommended Citation 
Knepper, Brandon Austin-Elizondo, "Gait development in African elephant calves" (2018). Undergraduate 
Honors Thesis Collection. 463. 
https://digitalcommons.butler.edu/ugtheses/463 
This Thesis is brought to you for free and open access by the Undergraduate Scholarship at Digital Commons @ 
Butler University. It has been accepted for inclusion in Undergraduate Honors Thesis Collection by an authorized 
administrator of Digital Commons @ Butler University. For more information, please contact 
digitalscholarship@butler.edu. 

			
	
	
Gait	development	in	African	elephant	calves	
	
	
A	Thesis	
Presented	to	the	Department	of	Psychology		
College	of	Liberal	Arts	and	Sciences	
and	
The	Honors	Program	
of	
Butler	University	
	
	
	
In	Partial	Fulfillment		
of	the	Requirements	for	Graduation	Honors	
	
	
Brandon	Austin-Elizondo	Knepper	
December	15,	2018	 	
Gait	development	in	African	elephant	calves	 Knepper	
	
2	
Table	of	Contents	
Page	
Abstract		 	 	 	 	 	 	 	 	 	 								3	
Introduction	 	 	 	 	 	 	 	 	 	 								4	
Methods	 	 	 	 	 	 	 	 	 	 							10	
Results	 	 	 	 	 	 	 	 	 	 							15	
Discussion	 	 	 	 	 	 	 	 	 	 							17	
References	 	 	 	 	 	 	 	 	 	 							19	
Acknowledgements	 	 	 	 	 	 	 	 	 							22	
Table	1	 	 	 	 	 	 	 	 	 	 							23	
Table	2	 	 	 	 	 	 	 	 	 	 							24	
Figure	1	 	 	 	 	 	 	 	 	 	 							25	
Figure	2	 	 	 	 	 	 	 	 	 	 							26	
Figure	3	 	 	 	 	 	 	 	 	 	 							27	
Figure	4	 	 	 	 	 	 	 	 	 	 							28	
Figure	5	 	 	 	 	 	 	 	 	 	 							29	
Figure	6	 	 	 	 	 	 	 	 	 	 							30	
Figure	7	 	 	 	 	 	 	 	 	 	 							31	
Figure	8	 	 	 	 	 	 	 	 	 	 							32	
Figure	9	 	 	 	 	 	 	 	 	 	 							33	
Figure	10	 	 	 	 	 	 	 	 	 	 							34	
	
Gait	development	in	African	elephant	calves	 Knepper	
	
3	
Abstract	
	
	 		Most	descriptions	of	elephant	locomotion	recognize	only	one	gait:	the	lateral	
sequence	walk.	In	contrast,	several	studies	on	African	elephants	(Loxodonta	africana)	
have	indicated	that	elephants	use	at	least	two	other	gaits:	an	amble	and	a	trot.	Other	
animals	modify	their	gaits	over	the	lifespan,	but	there	is	no	published	research	on	the	
gaits	of	elephant	calves.	The	present	study	examines	gait	development	in	African	
elephant	calves	born	at	the	Indianapolis	Zoo	between	2000	and	2015.	I	conducted	
frame-by-frame	analysis	on	the	gait	samples	of	six	calves	across	two	time	periods:	Early	
(zero	to	six	months	of	age)	and	Late	(two	to	three	years).	I	analyzed	90	gait	samples	and	
combined	them	with	archived	data	on	the	same	calves	in	order	to	have	sample	sizes	
sufficient	for	meaningful	comparison.	Gait	diagrams,	on	which	the	variables	“Duty	
Factor”	and	“Phase	Lag”	are	plotted,	showed	that	the	calves	exhibited	two	gaits:	Lateral	
sequence	walks	and	walking	trots.	Comparisons	between	the	two	time	periods	indicated	
1)	the	relative	frequency	of	trotting	was	similar	at	both	ages,	2)	the	mean	lateral	
sequence	Phase	Lag	was	similar	at	both	ages,	3)	a	decrease	in	the	Phase	Lag	variability	
of	lateral	sequence	gaits,	and	4)	consistent	with	the	increase	in	body	size,	the	mean	
stride	duration	was	longer	in	the	Late	period.	Since	the	frequency	of	trotting	was	similar	
in	the	Early	and	Late	periods,	the	reduction	in	trotting	typical	in	adults	must	occur	at	a	
later	age. 
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Introduction	
	 One	of	the	fundamental,	virtually	universal,	features	of	animals	is	that	they	
move.	Clearly,	it	is	important	to	understand	the	mechanisms	and	functions	of	various	
styles	of	locomotion,	or	gaits.	Animals	utilize	various	gaits,	depending	on	their	speed	
and	the	topographical	characteristics	of	the	terrain	on	which	they	are	moving	(Griffin,	
Kram,	Wickler,	&	Hoyt,	2004;	Hoyt	&	Taylor,	1981;	Wall,	Douglas-Hamilton,	&	Vollrath,	
2006).	Three	factors	that	influence	gait	choice	are	efficiency	of	movement	(Hoyt	&	
Taylor,	1981),	stress	on	the	limb	bones	(Farley	&	Taylor,	1991;	Schmitt,	Cartmill,	Griffin,	
Hanna,	&	Lemelin,	2006),	and	stability	(Ren	&	Hutchinson,	2008).	Elephant	locomotion,	
in	particular,	is	of	interest	because	of	the	high	efficiency	(low	Cost	of	Transport:	
Langman	et	al.,	1995)	with	which	these	large	mammals	with	an	unusual	morphology	
move.	
Gaits	
	 Hildebrand	(1976)	defined	gait	as	an	“accustomed	manner	of	moving	in	
terrestrial	locomotion”	(p.	204).	Some	common	examples	of	quadrupedal	gaits	are	the	
walk,	trot,	pace,	canter,	and	gallop	(Robilliard,	Pfau,	&	Wilson,	2007).	All	gaits	are	
classified	as	symmetrical	or	asymmetrical	depending	on	the	limb	forces	and	temporally	
spaced	foot-ground	contacts	used	by	each	pair	of	feet,	fore	or	hind	(Robilliard	et	al.,	
2007).	Symmetrical	gaits	have	evenly	spaced	footfalls	for	each	pair	of	feet:	each	foot	on	
the	animal’s	left	side	moves	in	the	same	pattern	as	the	corresponding	foot	on	the	right	
side.	In	the	extreme	case,	the	single-foot	lateral	sequence	gait,	the	four	feet	strike	the	
ground	at	one-quarter	stride	intervals.	In	asymmetrical	gaits,	such	as	the	gallop,	the	
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footfall	spacing	varies	–	the	corresponding	feet	on	the	left	and	the	right	do	not	move	in	
the	same	way.	Some	animals,	such	as	horses,	have	both	symmetrical	and	asymmetrical	
gaits	(Budiansky,	1997).	However,	elephants	seem	to	exhibit	only	symmetrical	gaits	
(Hildebrand,	1976).	
Hildebrand	Gait	Graphs	
	 When	analyzing	a	gait,	two	consecutive	footfalls	of	the	same	foot	constitute	a	
stride.	A	stride	consists	of	a	stance	phase	and	a	swing	phase:	the	foot	is	on	the	ground	
during	the	stance	phase	and	off	the	ground	during	the	swing	phase.	
	 Milton	Hildebrand,	a	pioneer	in	the	field	of	animal	locomotion,	developed	a	
popular	system	of	gait	classification	(Hildebrand,	1976;	1980;	1989).	His	system	was	
founded	on	the	idea	that	quadrupedal	gaits	vary	based	on	the	“timing	of	the	footfalls,	
durations	of	the	contacts	that	the	feet	make	with	the	ground,	and	the	sequences	of	the	
different	patterns	of	support	made	by	the	feet	in	combination”	(Hildebrand,	1976,	p.	
204).	His	system	consisted	of	two	essential	variables	for	gait	classification:	Duty	Factor	
and	Phase	Lag.	Duty	Factor	(df)	measures	the	proportion	of	the	stride	that	each	foot	
spends	in	contact	with	the	ground.	A	df	=		0	–	0.5	indicates	running	speeds,	while	df	=	
0.5	–	1	indicates	walking	speeds.	Phase	Lag	(pl)	measures	the	proportion	of	a	stride	that	
the	forefoot	follows	the	hindfoot	on	the	same	side.	A	pl	=		0	–	0.5	indicates	a	lateral	
sequence	gait,	while	pl	=	0.5	–	1	indicates	a	diagonal	sequence	gait.	A	graph	with	Duty	
Factor	and	Phase	Lag	plotted	on	the	X-	and	Y-axes,	respectively,	called	a	gait	diagram,	
can	be	used	to	display	all	of	the	possible	gaits.	The	simple	form	of	the	gait	diagram	
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assumes	that	each	of	the	four	feet	is	on	the	ground	for	the	same	period	of	time	and	that	
the	corresponding	feet	on	the	left	and	right	sides	move	in	the	same	way	(Figure	1).	
	 Hildebrand	(1976)	divided	the	possible	gaits	in	eight	categories	(Figure	2),	with	
each	category	defined	by	an	equal	range	of	Phase	Lags	(pl	range	for	each	category	=	
0.125).	In	addition	to	the	trot	(pl	=	0.4375-0.5624)	and	the	pace	(pl	=	0.00-0.	0624	and	pl	
=	0.9375-1.00),	there	are	three	forms	of	lateral	sequence	gait	(lateral	sequence/lateral	
couplet,	pl	=	0.0625-0.1874;	lateral	sequence/single	foot,	pl	=	0.1875-0.3124;	and	lateral	
sequence/diagonal	couplet,	pl	=	0.3125-0.4374)	and	three	forms	of	diagonal	sequence	
gait	(diagonal	sequence/diagonal	couplet,	pl	=	0.5625-0.6874;	diagonal	sequence/single	
foot,	pl	=	0.6875-0.7824;	and	diagonal	sequence/lateral	couplet,	pl	=	0.7825-0.9374).	
The	elephants	in	my	study	exhibited	five	of	these	eight	gaits	as	shown	in	Figure	2	(a	
modified	Hildebrand	gait	diagram):	the	highest	Phase	Lag	recorded	was	0.628.	
	 When	classifying	gaits,	the	distinction	between	walking	and	running	is	not	always	
clear	–	there	are	several	criteria	for	“running”,	and	they	do	not	always	lead	to	the	same	
conclusion.	Kinematic	criteria	are	those	based	on	a	visible	sequence	of	limb	movements.	
Three	kinematic	criteria	used	to	distinguish	between	walking	and	running	are	the	
footfall	pattern,	the	presence	of	an	aerial	phase	(a	period	with	no	feet	on	the	ground),	
and	a	Duty	Factor	below	0.50	(Hutchinson,	Famini,	Lair,	&	Kram,	2003).	A	fourth	
criterion	is	the	Froude	number,	a	non-dimensional	measure	of	speed	used	to	compare	
different-sized	animals.	Froude	numbers	above	1.0	typically	indicate	running	gaits	
(Alexander,	1984;	1989),	but	elephants	have	been	shown	to	use	walking	gaits	at	Froude	
numbers	above	1.0	(Hutchinson	et	al.,	2003).		
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	 The	most	common	gait	model	(Biewener,	2006)	suggests	that	the	limbs	of	
walking	quadrupeds	function	in	different	ways	during	walking	and	running.	While	
walking,	the	limbs	act	as	stiff	stilts,	so	that	as	the	animal’s	center	of	mass	(COM)	moves	
up	and	down	there	is	a	cyclic	exchange	of	potential	energy	(when	the	COM	is	high)	and	
kinetic	energy	(when	the	COM	is	low).	However,	when	an	animal	is	running,	the	limbs	
act	like	springs,	so	that	the	animal	is	“bouncing”:	now	there	is	a	cycle	in	which	energy	is	
repeatedly	stored	as	the	spring	compresses	and	released	as	the	spring	expands.	In	other	
words,	the	mechanics	of	walking	and	running	are	different	(Biewener,	2006).	
Gait	Development		
												Research	on	quadrupedal	gait	development	indicates	that	many	species	seem	to	
progress	through	stages	of	postnatal	gait	development.	For	example,	domestic	cats	
(Felis	catus)	begin	using	a	slow	walk,	develop	a	trot	around	three	weeks,	develop	a	
gallop	around	four	weeks,	and	use	all	gaits	seen	in	adult	cats	by	around	six	weeks	old	
(Peters,	1983).	Similarly,	rodents	seem	to	progress	through	stages	of	gait	development	
across	several	species	(Eilam,	1997;	Shriner,	Drever,	&	Metz,	2009).	Finally,	human	
infants	exhibit	quadrupedal	gaits	while	crawling	(Patrick,	Noah,	&	Yang,	2009).	Stages	of	
postnatal	gait	development	likely	correlate	with	postnatal	muscular	and	neurological	
development	(Patrick	et	al.,	2009;	Shriner	et	al.,	2009).	To	my	knowledge	there	are	no	
published	studies	on	the	gait	development	of	elephants.	
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Elephant	Gait	
	 The	typical	description	of	elephant	locomotion	(e.g.,	Estes,	2009),	is	that	
elephants	have	only	one	type	of	gait	–	the	lateral	sequence	(LS)	walk	–	which,	at	higher	
speeds,	gradually	transitions	to	an	amble	(Langman	et	al.,	1995;	Schmitt	et	al.,	2006).	
The	amble	resembles	the	lateral	sequence	gait,	but	with	less	vertical	movement	in	the	
animal’s	center	of	mass.	Hutchinson,	Famini,	Dale,	Fischer,	&	Kram	(2006)	determined	
that	the	elephant	amble	maintains	the	same	footfall	sequence	as	the	LS	walk	(left	hind	-	
left	front	-	right	hind	-	right	front	-	left	hind	…),	but	with	separate	forelimb	and	hindlimb	
aerial	phases.	The	elephant	amble	is	an	unusual	gait	because	at	high	speeds	the	
elephant’s	shoulder	movements	suggest	that	the	animal	is	walking	(inverted	pendulum	
movement)	while	the	hindlimb	movements	are	characteristic	of	running	(spring-like	
movement:	Hutchinson	et	al.,	2003).	
	 There	are	relatively	few	research	articles	on	elephant	locomotion	(Genin,	
Willems,	Cavagna,	Lair,	&	Heglund,	2010;	Hutchinson	et	al.,	2003;	Hutchinson	et	al.,	
2006).	In	a	review	article,	Hildebrand	(1976)	described	two	different	elephant	gaits:	the	
lateral-sequence	walk	(with	df	=	0.13	–	0.25)	and	the	walking	trot	(with	df	=	0.45	–	0.55).	
His	data	were	limited	by	the	fact	that	he	only	collected	34	gait	samples,	and	they	were	
from	an	unknown	combination	of	African	and	Asian	elephants	of	unknown	ages.	There	
is	evidence	in	support	of	his	finding	(Dale,	2006),	but	this	topic	warrants	further	study	
with	larger	sample	sizes.			
	 Research	on	the	biomechanics	of	elephant	locomotion	indicates	that	the	animal	
moves	in	ways	that	increase	its	body	stability	(Genin	et	al.,	2010).	The	columnar	shape	
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of	its	limbs	limit	its	speed	and	running	capabilities,	but	support	the	animal’s	large	body	
size	(Biewener,	1989).	There	is	no	clear	distinction	between	walking	and	running	in	the	
elephant	because	it	travels	at	high	speeds	without	an	aerial	phase	(Hutchinson	et	al.,	
2006;	Genin	et	al.,	2010).	Research	on	the	locomotor	kinematics	of	elephant	locomotion	
indicate	that,	at	high	speeds,	elephant	forelimbs	appear	to	walk	(a	cycle	of	pendular	
transfer	of	kinetic	to	potential	energy)	while	their	hindlimbs	appear	to	run	(a	spring-like	
transfer	of	energy:	Biewener,	2006;	Genin	et	al.,	2010).	This	is	very	unusual	(Ren	&	
Hutchinson,	2008;	Ren,	Miller,	Lair,	&	Hutchinson,	2010).	
Current	Study	
	 The	purpose	of	this	thesis	is	two-fold.	First,	I	seek	to	support	Hildebrand	(1976)	
and	Dale	(2006)	by	providing	further	evidence	of	a	walking	trot	in	the	African	elephant	
(Loxodonta	africana).	In	addition,	I	predict	that	the	relative	frequency	of	trotting	will	
decrease	between	the	Early	and	Late	periods.	Second,	I	seek	to	study	the	gait	
development	of	African	elephant	calves	in	order	to	identify	any	changes	comparable	
with	other	quadrupeds.	It	is	reasonable	to	suspect	that	alterations	in	elephant	gaits	may	
correlate	with	neural	development	and/or	changes	in	body	size.	Specifically,	I	predict	
that	the	relative	frequency	of	trotting	will	be	negatively	correlated	with	the	distance	
traveled	during	an	excursion.		
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Methods	
Subjects	
	 Since	March	6,	2000,	six	African	elephant	elephants	have	been	born	at	the	
Indianapolis	Zoo.	Two	were	born	in	2000	(Amali	and	Ajani),	two	in	2005-2006	(Kedar	
and	Zahara,	respectively),	and	two	in	2011-2012	(Kalina	and	Nyah,	respectively).	
Members	of	our	research	lab	collected	video	recordings	of	these	calves	in	order	to	study	
their	behavioral	and	social	development.	Recordings	were	collected	through	an	
unobtrusive,	observational	approach	while	the	animals	were	free-roaming	within	their	
zoo	exhibits.	The	present	study	includes	data	collected	between	March	14,	2000	and	
September	24,	2015.		
Exhibit	
												The	African	elephant	exhibit	at	the	Indianapolis	Zoo	consists	of	a	large	barn,	two	
public	exhibit	areas	(referred	to	as	the	“main”	and	“bull”	yards),	two	holding	areas,	and	
two	small	transfer	areas.	Three	of	these	areas	are	relevant	for	this	study:	the	“main”	
yard,	“bull”	yard,	and	one	of	the	holding	areas.	The	main	yard	is	the	largest	(~5,000	m2);	
it	contains	a	pool,	sloped	dirt	terrain	to	higher	ground	which	divides	the	yard	into	two	
halves,	and	several	clusters	of	trees	(Figure	3).	From	the	observer’s	position,	the	front	of	
the	yard	was	flat	and	at	the	bottom	of	the	hill;	the	back	path	was	flat	and	at	the	top	of	a	
hill	(Figure	3).	The	elephants	usually	traveled	on	level	dirt	paths	at	the	front	and	the	
back	of	the	yard	and	on	sloped	paths	between	the	lower	(front)	and	upper	(back)	levels.	
The	elephants	also	walked	across	grass-covered	sections	of	the	exhibit.	The	bull	yard	is	
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separated	from	the	main	yard	and	is	~650	m2	in	area.	The	yard	is	mostly	flat,	has	dirt	
terrain,	and	also	has	access	to	a	small	pool.	The	holding	area	is	just	under	500	m2	in	
area,	is	flat	with	dirt	terrain,	and	is	used	to	train	and	exercise	the	elephants.	All	of	the	
gait	samples	used	for	this	study	were	collected	from	one	of	these	three	elephant	
enclosures.	
Materials	
												Various	digital	cameras,	along	with	Sony	DVM60EX2	Mini	DV	tapes,	were	used	to	
observe	the	elephants	while	at	the	zoo	(Sony	DCR-TRV6/TRV11/TRV20,	Sony	DCR-
HC32/HC42,	Sony	HDR-CX550V/XR550/XR550V,	Sony	HD-XR100/XR101/XR200/XR200V).	
A	flat-screen	television	monitor	and	Sony	GV-1000	(mini)	Digital	Video	Cassette	
Recorder	were	used	to	analyze	the	gait	samples.	The	coded	data	from	these	samples	
were	stored	in	a	Google	Sheets	file	and	was	accessed	through	a	Macintosh	computer	
(Mac	OS	Mojave,	Version	10.14.1).	Because	of	the	long	period	covered	by	the	study,	
various	video-recordings	were	saved	on	VHS	standard	tape,	VHS	C-format	tape,	digital	
tape,	DVDs,	and	external	hard	drives.	The	VHS	tapes	were	transferred	to	digital	tape	
before	analysis.	
Procedure	
												I	completed	a	course	at	the	Indianapolis	Zoo	to	become	a	volunteer,	which	gave	
me	access	to	all	public	areas	of	the	zoo.	The	original	data	collection	was	completed	
during	several	projects	approved	by	the	Indianapolis	Zoo	Research	Committee	and	
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Butler	University’s	IACUC.	Archival	analysis	of	the	data	was	carried	out	after	the	protocol	
was	designated	an	“exempt	study”	by	the	Butler	University	IACUC.	
												In	order	to	analyze	changes	in	gait	development,	gait	samples	for	each	calf	were	
taken	during	two	time	periods:	an	“Early”	time	period	from	birth	to	six	months	of	age	
(roughly	1	–	183	days	old),	and	a	“Late”	time	period,	between	the	ages	of	2	–	3	years	
(roughly	730	–	1,095	days	old).	The	latter	time	period	was	broadened	in	order	to	
encompass	more	samples.	Because	of	a	shortage	of	data	for	some	calves,	one	7-month	
observation	was	included	in	the	Early	period,	and	two	38-month	observations	were	
included	in	the	Late	period.	In	total,	225	gait	samples	were	analyzed	(112	Early	and	113	
Late).	The	distribution	of	samples	(Early:	Late)	from	each	calf	are	as	follows:	Ajani	(13:	
22),	Amali	(15:	18),	Kalina	(20:	15),	Kedar	(14:	28),	Nyah	(18:	19),	and	Zahara	(32:	11).	I	
collected	96	new	two-stride	samples,	and	combined	them	with	129	gait	samples	from	
archived	data.	
												I	used	a	consistent	scoring	system	to	categorize	gaits.	I	scanned	each	video	
recording	for	gait	samples	where:	1)	the	calf	walked	on	level	(or	nearly	level)	ground,	2)	
all	footfalls	and	footlifts	for	at	least	two	consecutive	strides	were	clearly	visible,	and	3)	
the	calf	moved	at	a	relatively	constant	speed.	Constant	speeds	were	defined	as	when	
the	stride	durations	for	the	four	limbs	over	two	consecutive	strides	differed	by	less	than	
10%.	Each	behavioral	sample	was	analyzed	using	frame-by-frame	analysis	at	30	
frames/second.	A	footfall	was	defined	as	the	first	frame	in	which	the	elephant’s	foot	
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was	stationary	on	the	ground	and	a	footlift	was	defined	as	the	last	frame	in	which	the	
elephant’s	foot	was	stationary	on	the	ground.	In	each	case,	stationary	on	the	ground	
meant	that	there	was	no	vertical	or	lateral	movement	of	the	foot.	During	a	two-stride	
observation	each	foot	lands	three	times	and	lifts	twice.	Therefore,	twenty	time	
measurements	were	collected	for	each	two-stride	sample	(three	footfalls	per	foot	and	
two	footlifts	per	foot).	
												I	collected	three	measures	of	locomotion:	stride	duration,	stance	duration,	and	
foot	lag.	Stride	duration	was	defined	as	the	number	of	frames	between	two	consecutive	
footfalls	of	the	same	foot.	Stance	duration	was	defined	as	the	number	of	frames	
between	a	footfall	and	the	following	footlift	of	the	same	foot.	These	two	measures	were	
used	to	calculate	the	Duty	Factor	for	each	limb	during	two	consecutive	strides	(df	=	
stance	duration	/	stride	duration).	Generally,	Duty	Factors	below	0.5	coincide	with	
running	and	Duty	Factors	above	0.5	coincide	with	walking	(Hildebrand,	1976;	
Hutchinson	et	al.,	2003).	“Foot	lag”	was	defined	as	the	number	of	frames	between	the	
footfall	of	one	limb	(hind	or	fore)	and	the	next	footfall	of	the	other	ipsilateral	(same-
side)	limb.	I	calculated	Phase	Lag	using	the	foot	lag	and	stride	duration	(Phase	Lag	=	foot	
lag	/	stride	duration).	Consistent	with	Hildebrand’s	(1976)	system,	I	used	the	Phase	Lag	
to	identify	the	gait	category	for	each	movement	sample	as	either	a	trot	(pl	=	0.4375	–	
0.5624),	a	diagonal	sequence-diagonal	couplet	gait	(pl	=	0.5625	–	0.6874)	or	as	one	of	
three	forms	of	lateral	sequence	walk:	lateral	sequence-lateral	couplet	(pl	=	0.0625-
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0.1874),	lateral	sequence-single	foot	(pl	=	0.1875	–	0.3124),	or	lateral	sequence-diagonal	
couplet	(pl	=	0.3125	–	0.4374).	
Hildebrand’s	system	of	gait	classification	allowed	him	to	categorize	all	
quadrupedal	gaits	(categorized	as	walking	or	running,	and	symmetrical	or	
asymmetrical).	The	present	study	used	Hildebrand’s	classification	system	with	one	slight	
modification:	the	scale	on	each	axis	was	reversed	(as	done	by	Cartmill,	Lemelin,	&	
Schmitt,	2002)	so	that	the	modified	axes	intersect	at	the	origin	and	go	from	0	→	1.	This	
simply	made	the	charts	easier	to	understand.	
The	inter-rater	reliability	of	the	two	individuals	who	scored	the	96	new	gait	
samples	was	examined.	The	two	observers	scored	five	two-stride	gait	samples	
independently.	Their	observations	were	considered	to	be	reliable	when	the	two	
estimates	of	the	timing	of	a	footfall	or	footlift	differed	by	no	more	than	one	frame.	This	
seemed	reasonable	because	of	the	limited	time-resolution	provided	by	the	video	speed	
of	30	frames/s.	Usually	it	was	clear	that	a	foot	was	above	the	ground	in	one	frame	and	
on	the	ground	in	the	next	frame;	sometimes,	however,	it	was	not	clear	whether	a	foot	
had	touched	the	ground	in	a	specific	frame,	although	it	was	clear	that	the	foot	had	
touched	the	ground	in	the	next	frame.	In	these	cases,	the	two	observers	might	record	
the	footfall	as	happening	either	on	the	first	frame	or	on	the	second	frame.	There	was	a	
similar	uncertainty	on	some	of	the	footlifts.	There	were	20	separate	observations	during	
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each	two-stride	gait	sample	(12	footfalls	and	8	footlifts),	producing	a	total	of	100	
observations	in	the	five	samples.	The	observers	agreed	on	98/100	observations.	
Results 
The	elephant	calves	in	this	study	exhibited	five	of	the	eight	gait	categories	
specified	by	Hildebrand	(1976;	see	Table	1	and	Figure	4).	The	lowest	recorded	Phase	Lag	
was	0.077	(lateral	sequence/lateral	couplet	gait)	and	the	highest	was	0.628	(diagonal	
sequence/diagonal	couplet	gait).	However,	there	were	only	seven	samples	in	the	
diagonal	gait/diagonal	couplet	category	and	two	samples	in	the	lateral	
sequence/diagonal	sequence	category.	These	samples	constituted	only	4%	of	the	
observations,	and	may	be	regarded	as	rare	gaits	or	aberrations.		I	will	focus	on	the	three	
most	common	gait	categories:	lateral	sequence/single	foot	(56%	of	the	observations),	
lateral	sequence/lateral	couplet	(29%)	and	trot	(11%).		
											While	the	lateral	sequence/lateral	couplet	and	lateral	sequence/single	foot	gaits	
are	considered	different	gait	categories	in	Hildebrand’s	(kinematic)	system,	from	a	
neurological	perspective	these	two	gaits	result	from	slight,	and	continuous,	changes	in	
the	central	pattern	generators	generating	an	organized	series	of	movements	(Danner,	
Wilshin,	Shevtsova,	&	Rybak,	2016),	and	the	multiple	gaits	actually	specify	ranges	on	a	
continuum	of	movements.	According	to	Danner	et	al.	(2016,	p.	6948),	“the	locomotor	
gaits	can	be	represented	by	phase	relationships	between	rhythmic	activities	generated	
by	central	pattern	generators	controlling	different	limbs.”	Because	of	this,	I	will	consider	
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the	two	lateral	sequence	gaits	together.	From	this	perspective,	my	data	confirm	
Hildebrand’s	(1976)	finding	that	elephants	exhibit	a	lateral	sequence	gait	85%	of	the	
time	and	a	trot	about	11%	of	the	time.	
											It	is	clear	from	the	summary	row	in	Table	1	that	there	was	no	appreciable	
difference	between	the	distribution	of	gaits	during	the	first	six	months	of	life	and	during	
the	third	year	of	life.	On	the	other	hand,	the	variability	of	the	Phase	Lags	shown	by	the	
calves	exhibiting	the	lateral	sequence	gaits	decreased	dramatically	between	the	Early	
and	Late	periods.	Table	2	shows	the	mean	Phase	Lag	and	the	standard	deviations	for	the	
Phase	Lag	for	each	calf	during	each	observation	period.	The	group	mean	Phase	Lags	in	
the	Early	and	Late	samples	did	not	differ,	t(5)	=	0.27,	p	=	0.80,	but	there	was	a	dramatic	
reduction	in	the	variability	of	the	Phase	Lags	for	the	older	calves,	t(5)	=	9.8,	p	=	0.0002.	
Figures	5	-	10	show	the	gait	diagrams	for	individual	calves.	The	group	mean	changes	
were	largely	representative	of	the	changes	for	the	individual	animals.	
											The	reduction	in	gait	variability	is	what	would	be	expected	as	young	animals	
refined	control	of	their	gaits,	and	the	lack	of	any	change	in	the	mean	Phase	Lag	suggests	
that	the	timing	of	the	lateral	sequence	gait	is	relatively	consistent	for	the	developing	
African	elephant	calf.	This	was	the	case	despite	the	fact	that	the	mean	stride	duration	
increased	from	1.08	seconds	in	the	Early	period	to	1.69	seconds	in	the	Late	period	–	as	
would	be	expected	for	growing	animals.	
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											It	was	not	possible	to	perform	a	similar	analysis	for	the	trot	gait	because	there	
were	relatively	few	observations	(n	=	24).	In	addition,	there	were	large	differences	
across	calves	in	the	proportions	of	trotting	gaits:	For	example,	Ajani	trotted	26%	of	the	
time	(9/35	observations)	whereas	Kedar	trotted	only	2%	of	the	time	(1/42).	It	would	
require	a	much	larger	sample	to	determine	whether	the	Phase	Lag	was	consistent	and	
its	variability	decreased	for	the	trot	as	it	did	for	the	lateral	sequence	gait.	
Discussion 
	 The	results	of	this	study	support	my	first	hypothesis	by	successfully	
demonstrating	that	African	elephant	calves	exhibit	at	least	three	distinct	gaits:	a	walking	
trot	and	two	types	of	lateral	sequence	movement	(single	foot	and	lateral	couplet).		
											The	decrease	in	Phase	Lag	variability	of	the	lateral	sequence	gait	with	age	
indicates	that	the	calves	developed	more	consistent	patterns	of	locomotion	as	they	
aged.	This	finding	supports	my	hypothesis	that	changes	in	elephant	gaits	may	correlate	
with	neural	development	and/or	changes	in	body	size.	This	finding	has	implications	for	
our	understanding	of	elephant	neural	development.	Specifically,	the	stabilization	of	
lateral	sequence	gaits	by	age	three	suggests	a	more	mature	motor	system.	This	
maturation	in	locomotor	ability	is	consistent	with	prior	data	collected	with	other	
mammals	(Peters,	1983;	Shriner	et	al.,	2009).	However,	the	relative	frequency	of	trots	
did	not	decrease	between	the	Early	and	Late	periods,	suggesting	that	the	trotting	gait	is	
retained	at	least	to	three	years	of	age.	
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This	study	has	several	limitations	worth	mentioning.	First,	additional	gait	
samples	for	each	animal	and	time	period	would	be	necessary	to	perform	a	statistically	
meaningful	analysis	of	the	data.	Although	there	was	an	average	of	18.75	samples	per	
animal	per	period,	very	few	of	these	samples	concerned	trotting.	Second,	the	inter-rater	
reliability	of	the	two	“new	data”	observers	was	acceptable,	but	I	was	not	able	to	check	
the	reliability	of	the	archived	data.	Third,	the	subjects	used	for	this	study	were	African	
elephant	calves	born	at	the	Indianapolis	Zoo.	It	is	not	known	how	well	the	results	of	this	
study	would	generalize	to	other	populations,	such	as	wild	African	savannah	and	forest	
elephants.	
											In	conclusion,	the	results	of	this	study	support	my	first	hypothesis	that	the	
elephant	calves	use	both	lateral	sequence	and	trotting	gaits.	The	calves	appear	to	have	
used	the	same	lateral	sequence	gait	in	the	Early	and	Late	periods,	although	the	gaits	
became	more	consistent	in	the	Late	period.	The	trotting	gait	was	present	during	both	
observation	periods,	but	the	small	number	of	observations	and	the	variability	across	
animals	prevent	me	from	drawing	strong	conclusions.	Further	research	is	needed	to	
investigate	the	generalizability	of	these	results	and	their	implications	for	gait	
development	in	African	elephant	calves.	
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Table	1.		
Early	and	Late	(early:	late)	gait	distributions	for	all	calves	and	the	five	observed	gaits.		
	 Ajani	 Amali	 Kalina	 Kedar	 Nyah	 Zahara	 Total	
LSLC	 4:12	 11:15	 8:7	 9:10	 14:10	 18:9	 64:63	
LSSF	 4:4	 4:1	 10:5	 4:18	 3:3	 8:1	 33:32	
LSDC	 2:0	 0:0	 0:1	 0:0	 0:0	 3:1	 5:2	
Trot	 3:6	 0:2	 2:2	 1:0	 1:4	 3:0	 10:14	
DSDC	 0:0	 0:0	 0:0	 0:0	 0:2	 0:0	 0:2	
Total	 13:22	 15:18	 20:15	 14:28	 18:19	 32:11	 112:113	
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Table	2.		
Mean	and	standard	deviation	for	the	lateral	sequence	gait	Phase	Lag	in	the	Early	and	
Late	observation	periods.	
	 Early	Period	 	 Late	Period	 	
Calf	 Mean	 Standard	
deviation	
Mean	 Standard	
deviation	
Ajani	 0.209	 0.040	 0.176	 0.016	
Amali	 0.163	 0.040	 0.165	 0.011	
Kalina	 0.191	 0.044	 0.192	 0.023	
Kedar	 0.161	 0.039	 0.193	 0.023	
Nyah	 0.164	 0.052	 0.169	 0.023	
Zahara	 0.181	 0.042	 0.159	 0.025	
Group	Mean	 0.178	 0.043	 0.176	 0.020	
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Figure	1.	A	Hildebrand	gait	diagram.	All	possible	gaits	can	be	depicted	on	one	diagram	
with	Duty	Factor	(%	of	stride	that	each	foot	is	on	the	ground)	and	Phase	Lag	(%	of	stride	
that	fore	footfall	follows	hind	footfall	on	the	same	side).	
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Figure	2.	Modified	Hildebrand	gait	diagram.	The	scale	on	each	axis	was	reversed	(as	
done	by	Cartmill,	Lemelin,	&	Schmitt,	2002)	so	that	the	modified	axes	intersected	at	the	
origin	and	go	from	0	à	1).	Hildebrand	(1976)	recognized	eight	gait	categories.	The	
elephants	in	this	study	exhibited	gaits	in	five	of	those	eight	categories.	
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Figure	3.	Main	elephant	exhibit	at	the	Indianapolis	Zoo.	The	two	white	lines	indicate	the	
two	level	paths	at	the	front	and	the	back	of	the	yard.	
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Figure	4.	Modified	gait	diagram	for	all	calves	during	Early	(blue)	and	Late	(orange)	
periods.	Late	Duty	Factors	were	increased	by	1.0	in	order	to	separate	the	two	time	
periods.	Each	point	represents	one	stride	from	a	two-stride	sample.	Phase	Lag	variability	
increased	with	age	in	trots	(early	SD	=	0.032	à	late	SD	=	0.050),	while	variability	
decreased	with	age	in	lateral	sequence	gaits	(early	SD	=	0.049	à	late	SD	=	0.036).		
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Figure	5.	Modified	gait	diagram	for	Ajani	during	both	time	periods.	
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	 Figure	6.	Modified	gait	diagram	for	Amali	during	both	time	periods.	
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	 Figure	7.	Modified	gait	diagram	for	Kalina	during	both	time	periods.	
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	 Figure	8.	Modified	gait	diagram	for	Kedar	during	both	time	periods.	
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	 Figure	9.	Modified	gait	diagram	for	Nyah	during	both	time	periods.	
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	 Figure	10.	Modified	gait	diagram	for	Zahara	during	both	time	periods.	
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